Physical characterization and thermal properties of bischofite, a by-product from the nonmetallic industry, were determined and compared with those to MgCl 2 ·6H 2 O with the idea of using it as phase change material in thermal energy storage applications. The melting point and heat of fusion were measured in the temperature range from 30°C to 150°C, where T fus and ΔH fus were 100°C and 115 kJ/kg for bischofite, and 114.5°C and 135 kJ/kg for MgCl 2 ·6H 2 O.
solid industrial by-product, as a material for sensible heat storage. The advantages of using the salt is its low price (from 5 to 100 times cheaper than other solid material candidates), its specific heat capacity (0.738 kJ/(kg·K)), and its thermal conductivity when wetted with water.
Its disadvantage is mainly the high corrosion rate. This paper presents also results of the behavior of this salt in a thermal energy storage pilot plant.
Chile produces high amounts of salts for many applications. But in their processing, wastes and by-products also appear, products which are also salts but with no direct application in today's industry. Bischofite is a mineral that precipitates in the evaporation ponds during the potassium chloride production process in Salar de Atacama (north of Chile) and currently has a few practical applications: it is marketed in Europe for de-icing of roads, and in Chile, using its high hydroscopicity -to abate dust and to improve mining roads in the north. Bischofite is also obtained in similar processes in other parts of the world, such as Israel and The Netherlands.
The main component of this by-product is MgCl 2 ·6H 2 O with some impurities determined in this study. More than 100,000 tons of bischofite per year are marketed today in Chile. The price of low quality bischofite is around 40 US$/ton, while the price of purified bischofite is closed but lower to that of MgCl 2 ·6H 2 O, which is sold at around 155 US$/ton in the north of Chile.
An important parameter to evaluate the potential of a PCM is the energy storage density (esd), which is the ratio of specific latent heat to density [5] . In this research, we will quantify this parameter for bischofite and compare it with MgCl 2 ·6H 2 O, known as promising PCM [6] [7] [8] ( Table 1 and Table 2 ). We will also include a study of the thermal stability and transition temperatures through DSC technique. All this information, as well as being important for the design of the storage system, will generate important knowledge about the behavior of the different PCMs analyzed.
Experimental

Materials and chemical analysis
To conduct the research, about 10 kg of bischofite corresponding to crops from brine evaporation ponds at different times of the year were used. The bischofite was homogenized and was divided into 10 samples of about 1 kg each. Chemical analysis was performed on the samples to determine the chemical composition of the samples and the concentration range of variation, corresponding to the main impurities. Based on the chemical analysis, a possible stoichiometric bischofite mineralization is suggested. The measurement results of the properties obtained from bischofite were compared with those obtained for the synthetic MgCl 2 ·6H 2 O Merck (>99%).
Previously, samples of both salts were subjected to a drying heat treatment at 40°C for 12 h, and the samples were kept in a desiccator.
Sodium, potassium, calcium, lithium and magnesium concentration were determined by atomic absorption spectrometry. Chloride, sulfate, and carbonates were determined by volumetric titration with AgNO 3 , BaCl 2 , HCl, respectively. Insoluble percentage was determined by leaching of 50 g of sample in 400 g of water, filtered, dried and weighted. Moisture was determined drying until constant weight at 40ºC.
Characterization
The mineral composition of bischofite was analyzed by a X-ray Powder Diffractometer. The powdered samples were positioned on a flat plate sample holder after sample powdering in an agate mortar. The technique was used to characterize the crystallographic structure by 
Thermal properties
Thermal stability analysis was determinated with METTLER TOLEDO TGA-DSC 1 STARe, in a temperature range of 25°C to 150°C with heating rates 5°C/min and 10°C/min, under purified nitrogen atmosphere with a flow rate of 30 mL/min. Standar aluminium pan with lid (40 µL) were used.
To determine the melting point, heat of fusion, heat capacity and heating and cooling cycle, a DSC NETZSCH DSC 204 F was used, in a temperature rate from 25°C to 150°C to melting point and heat of fusion and from 40°C to 140°C to heating and cooling cycle with a heating and cooling rate of 5°C/min. The cycle was repeated for thirty times under purified nitrogen atmosphere with a flow rate of 20 mL/min. Standard aluminum pans with lid (40 µL) were used.
Heat capacity analysis were done in the temperature range of -5°C to 90°C for the solid phase of bischofite and MgCl 2 ·6H 2 O and of 105°C to 115°C to the liquid phase of bischofite. In order to measure the specific heat, the sample holder temperature was programmed under purified nitrogen atmosphere with a flow rate of 30 mL/min, within three stages; an initial isothermal, a heating stage, with a heating ratio of 5 K/min and another isothermal at the end of the programme (the initial and final isothermal were determined according to temperature range of measurements).
Physical properties
Density
Densities of solid salts were determined pycnometrically [21] with dodecane as a displacement liquid. The dependence of n-dodecane with temperature was determinate with a densimeter Mettler Toledo DE50, wich change linearly, according to Eq. 1:
Relatively liquid densities of bischofite were determined pycnometrically. The samples were melted for 90 minutes in a Wisetherm FH-27 muffle furnace, at 110°C and 120°C for the bischofite and MgCl 2 ·6H 2 O, respectively.
Viscosity
Viscosity measurements were made with molten bischofite and molten MgCl 2 ·6H 2 O in a range temperature from 110°C to 150°C and from 120°C to 140°C, respectively, in a rotational rheometer BROOKFIELD DV-III Ultra with thermosel, SC4-18 spindle, 8 ml sample volume.
The measurements were performed with controlled shear from 40 RPM to 130 RPM. The viscosities reported are obtained when the torque percentage is 50%. The results were taken from a set of 5 tests for each temperature the two closest values, calculating their average and standard deviation.
Results and discussions
Chemical analysis and mineralization
Since the bischofite analyzed corresponds to real samples obtained from the production process of potassium chloride, it is necessary to establish the range of variation of the concentrations of impurities. Table 3 shows the chemical analysis of the main components of the bischofite, and the particular sample used in this study.
To determine the purity and quantity of MgCl 2 ·6H 2 O present in the ore, the mineralization of the chemical analysis results was performed. The results are presented in Fig. 1 .
As it can be seen in Fig. 1 
XRD and SEM characterization
The characterization of the sample of bischofite with SEM-EDX is shown in Fig. 2 . As it can be seen, the bischofite crystals present an undefined form. This is due to the high hydroscopicity of the mineral, which starts absorbing ambient humidity in the preparation of the sample for the analysis. The mapping analysis allows identifying the main impurities of the bischofite mineral (Fig. 2 right) , KCl, NaCl and sulfate, probably with Li. XRD study indicates the presence of MgCl 2 ·6H 2 O (Fig. 3) . In this figure, the intensity of the peaks at high angles is not the same between the data base and measured patterns, probably due to the formation of grains with different shape during crystallization under natural uncontrolled evaporation in solar ponds.
Thermal Properties
Temperature and heat of fusion determination
Temperature and heat of fusion are important to establish if a material can be used as PCM. The measurement of one heating cycle for these properties is shown in Fig. 4 .
It can be seen that bischofite has a broad peak with T onset =98.9ºC, T peak =136.6°C and a heat of fusion of 120.2 kJ/kg, whereas MgCl 2 ·6H 2 O has a sharp peak with onset temperature of 114.6ºC
and a heat of fusion of 126.6 kJ/kg. The bischofite melting point is lower than the one of 
Long term cyclic stability
Long term stability of samples was studied during 30 heating and cooling cycles by DSC. The DSC heating bischofite curves are shown in Fig. 6 (A) and compared with heating curves of MgCl2·6H2O ( Fig. 6 (B) ).
After this thermal stability test, melting enthalpy and temperature did not show significant changes after 30 cycles. In both case, for bischofite and MgCl 2 ·6H 2 O, uniform behavior was observed in the heating curves and the absence of phase segregation was observed.
The DSC cooling bischofite curves are shown in Fig. 7 (A) and compared with cooling curves of MgCl 2 ·6H 2 O (Fig. 7(B) ). [17] . On the other hand, bischofite has two peaks during cooling, from the cycle 27 (not shown in Fig. 7 ) similar to cycle 30 (indicated in Fig. 7) , probably due to the segregation of the impurities in the mineral.
Therefore, longer stability test should be done to analyze this potential segregation of the material.
Heat capacity of solid and liquid samples
The heat capacity for solid samples (see Fig. 8 Values of heat capacity for liquid phase are shown in Fig. 9 , in a temperature range from 105ºC to 113ºC, with values from 5.6 to 9.0 J/(g·K). MgCl 2 ·6H 2 O is solid at this temperature, so the heat capacity values are not shown in Fig. 9 .
Physical Properties
Some parameters are important to determinate practical implementation of a PCM, as the energy storage density (esd), which is the ratio of the specific latent heat to the salts density. The results of the measurement of density and viscosity are below.
Density
The densities of solid bischofite were measured in temperature range from 30°C to 50°C. The densities of liquid samples were measured at 115°C for bischofite and at 128°C for MgCl 2 ·6H 2 O. The result of density measurements are shown in Table 4 , these values are close to those reported by other authors for the MgCl 2 ·6H 2 O in the solid state (see Table 2 ). For solid bischofite, density values decrease as the temperature increases and the density for liquid phase is 1481 kg/m 3 at 110°C.
Viscosity
The PCM studied in this paper showed Newtonian behavior and their viscosity values do not depend on the share rate. Viscosity measurements were made with molten bischofite and 
Conclusions
Thermophysical properties for bischofite was determined and they are similar to those obtained [6] [7] [8] [9] [10] 116 [6] [7] [8] 11] 117 [3, [6] [7] [8] [12] [13] [14] [15] [16] 165 [6] [7] [8] 11, 13] 167 [3, 7] 168. fite and MgCl2·6H2O.
